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bstract

This paper describes aerosol time-of-flight mass spectrometry (ATOFMS) measurements of the size and chemical composition of individual
articles during the California Regional Particulate Air Quality Study (CRPAQS) (December 2000–February 2001). In Fresno, biomass particles
isplay distinct diurnal variations, peaking at night and reaching a minimum during the day. These biomass particles are small (Da ≤ 1.0 �m) and
omprise 25% of the total analyzed particles with fractions ranging from 5% during the day to more than 60% at night. In addition, a unique
ollection of high mass organic carbon (HMOC) particles was identified with similar diurnal variations. The HMOC particles contain characteristic
eaks between mass-to-charge (m/z) 100 and 200 in both the positive and negative ion mass spectra. HMOC particles only appear at night and have
arger aerodynamic diameters (Da ≤ 1.0 �m). Furthermore, the HMOC particles show fragment ions of organic carbon, aromatic compounds, as

ell as non-mineral potassium, levoglucosan, and marker ions indicative of fog processing. We hypothesize the observed diurnal variations are due

o an increase in direct biomass emissions followed by gas/particle partitioning of semivolatile species which undergo aqueous phase processing
t night.

2006 Published by Elsevier B.V.
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. Introduction

The San Joaquin Valley (SJV) is located in central California
ith mountains on three sides. Pollutants are trapped in the val-

ey due to the secluded geographic features [1], which leads to
deterioration of the air quality. During the winter, PM2.5 and
M10 concentrations reach their highest in urban areas when
ultiple sources simultaneously contribute to the aerosol con-

entrations [2]. Furthermore, secondary ammonium nitrate and
arbonaceous species represented the two largest constituents
f the PM in the SJV during the winter [2,3]. In atmospheric
tudies, carbonaceous particulate matter is typically categorized
nto organic carbon (OC) and elemental carbon (EC). Elemen-
al carbon is the product of incomplete combustion [4], and

iesel exhaust is one of the largest EC sources in the SJV [5].
ine particulate organic carbon concentrations are dominated
y biomass burning emissions in winter time in Fresno based

∗ Corresponding author. Tel.: +1 858 822 5312; fax: +1 858 534 7042.
E-mail address: kprather@ucsd.edu (K.A. Prather).
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n source apportionment using chemical mass balance recep-
or models [6]. Therefore biomass burning is one of the most
mportant sources of ambient aerosols in the SJV during the
inter months.
The wintertime meteorological conditions in SJV are very

ifferent from other seasons. Mixing depth and ventilation are
ow and accompanied by the highest relative humidity (RH) of
ll seasons [7]. The low mixing depth favors the accumulation
f primary emissions. High relative humidities lead to aqueous
hase processing of the primary aerosol particles, changing the
erosol composition [8,9]. Therefore, the composition of SJV
mbient aerosols is fairly complex during the winter and strongly
ffected by the liquid water content of the aerosol.

While ammonium nitrate in the SJV has been intensively
tudied during the last decade [7,10–13], less is known about
he components making up the carbonaceous fraction of the
erosols, in particular the semivolatile organic compounds. The

ormation mechanisms, chemical reactions, and concentrations
f organic compounds in the atmosphere are far less understood
han other inorganic species, such as sulfate and nitrate [14];
hus, understanding the emission sources, particle transport, and

mailto:kprather@ucsd.edu
dx.doi.org/10.1016/j.ijms.2006.09.004
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echanisms of chemical reactions of organics in particulate mat-
er will further our understanding of a variety of atmospheric
henomena [15], which will ideally allow for the development
f policies to help alleviate air pollution problems.

Organic compounds are most frequently measured using filter
nd/or impactor based bulk analysis techniques. While pro-
iding valuable information, these techniques require off-line
nalysis and have several limitations. First, bulk analysis tech-
iques usually require extended collection periods (hours to
ays) in order to collect enough particle mass for chemical anal-
sis. Therefore, it is nearly impossible to obtain real-time or
igh temporal correlations between chemical species and atmo-
pheric conditions. Furthermore, information on the chemical
ssociations (particle mixing state) cannot be measured with
ulk analysis techniques, and one must assume that all particles
n the same size range have the same bulk chemical compo-
ition [16]. In addition, chemical reactions may occur on or
ith the filter media during transport and preservation before

hemical analysis, thus changing the initially collected aerosol
hemical composition [17]. Finally, the gas-particle equilibrium
s disturbed by most sampling methods, causing aerosol re-
artitioning between different phases; this often causes a bias
n the measurement of semivolatile species [18,19]. For exam-
le, most filter and impactor techniques operate at pressures
elow atmospheric pressure. Semivolatile organic compounds
article-to-gas phase transfer may occur under such low pres-
ure conditions.

Real-time single particle mass spectrometry (SPMS) mea-
urements of carbonaceous particles are able to provide unique
nformation on many species by correlating the instantaneous
arbonaceous particle composition with rapidly changing
tmospheric conditions [20,21]. Many of these techniques are
ble to obtain both size and chemical composition information
n individual particles with high temporal resolution [22–25].
ingle particle mass spectral analysis can analyze several
articles/second under polluted ambient conditions, allowing
or a higher temporal resolution than that which can be achieved
sing filter-based methods. In addition, the residence time of
he single particles in the mass spectrometry instrument is
ess than 1 ms, minimizing changes in particle morphology
nd the re-partitioning of chemical species that can occur at
educed pressures. Therefore, SPMS measurements can provide
aluable information for studying organic aerosols, as well as
emivolatile species. The challenge for SPMS measurements
as involved providing quantitative information. One major
bstacle is that fluence inhomogeneities in the LDI laser beam
tilized by most SPMS measurements result in variations of the
on signal intensities in the mass spectra of identical particles;

oreover, instrumental sensitivities to different aerosol compo-
ents vary with matrix composition [26]. Recently, researchers
n multiple labs have begun to explore quantification using
PMS measurements [27–32].

Potassium is a common component of biomass burning

articles as observed with filter measurements and electron
icroscopy with energy-dispersive X-ray spectrometry [33–36].

n recent studies, direct online measurements of biomass
erosols were carried out with other SPMS to investigate the

t
g
A
p
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omposition and chemical associations of individual biomass
articles. Both the particle analysis by laser mass spectrome-
ry (PALMS) and the aerosol time-of-flight mass spectrometry
ATOFMS) measurements observe potassium, organic carbon,
nd nitrogen-containing species from single particle biomass
ass spectra [36,37]. In this work, the time series of biomass

urning emission particles and other unique organic parti-
le types in Fresno and Angiola were investigated using an
TOFMS. The unique organic particles, unlike most other parti-
le types detected, display fairly intense peaks between mass-to-
harge (m/z) 100 and 200 in the mass spectra and are referred to
hroughout the paper as high mass organic compounds (HMOC).
he possible sources of HMOC particles are described and the

emporal variations are presented and discussed. Results from
his work will provide useful information on the sources and pro-
esses contributing to the organic compounds present in the SJV
egion as well as other urban areas impacted by high biomass
missions and regional fogs.

. Experimental

This field campaign was conducted from 30 November 2000
o 4 February 2001 as part of the California Regional Particulate
ir Quality Study (CRPAQS). The size and chemical compo-

ition of individual particles in the 0.2–3.0 �m size range were
easured. The urban Fresno site was located in the center of
an Joaquin Valley in a residential neighborhood, and the rural
ngiola tower site was located about 80 km southeast of Fresno

n the middle of an agricultural area [38]. The results of the
easurements taken from 9 January 2001 to 4 February 2001

n Fresno and Angiola are presented in this paper, representing
11,289 particles in Fresno and 614,915 particles in Angiola.

.1. Data acquisition

The operating principles, design, and performance of the
TOFMS are described in detail elsewhere [39]. Briefly, par-

icles enter the ATOFMS through a converging nozzle and are
ccelerated to terminal velocities that depend on their aero-
ynamic diameters, with larger particles traveling slower than
maller particles. Particles then enter a sizing region where they
ass through two continuous wave laser beams (diode pumped
d:YAG at 532 nm) located 6 cm apart. Two scattering signals

re collected as each particle passes through the two laser beams.
he time difference between the two scattering signals and the
istance between the two laser beams are used to calculate the
article velocity, which is converted into particle aerodynamic
iameter using a calibration curve determined by polystyrene
atex sphere velocities. Particle velocity is also used to calcu-
ate the exact time when the particle reaches the source region
f the mass spectrometer. A 266 nm Nd:YAG ionization laser
s triggered to fire upon particle arrival to produce both pos-
tive and negative ions, which are detected by a dual-polarity

ime-of-flight mass spectrometer. Thus, information on both sin-
le particle size and chemical composition can be determined.
TOFMS is particularly efficient at detecting aromatic com-
ounds. Due to the relatively large molar extinction coefficients
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Fig. 1. Time series of ATOFMS total particle counts and PM2.5 mass

t 266 nm (ε = 103 to 105 L mol−1 cm−1) [40,41], mono- and
oly-cyclic aromatic hydrocarbons (PAHs) and their derivatives
re easily ionized and detected by ATOFMS with high sensitiv-
ty. During this study, the ATOFMS ionization laser was operated
t reduced power (<1.0 mJ instead of the normal 1.5 mJ) during
ertain times to study the effect of laser power on ion fragmen-
ation. Due to the fact that particle counts collected within the
ame amount of time are affected by laser power, reduced power
ampling periods are excluded from the discussion and figures.

In this paper, measurements conducted with several other
nstruments co-located at the Fresno site are also presented for
omparison purposes. PM2.5 particle mass concentrations were
btained by the Beta Attenuation Monitor (Met One BAM 1020)
nd total particle-bound PAH concentrations were acquired by
hotoelectric aerosol sensor (Ecochem Analytics PAS 2000).

.2. Data analysis

Single particle mass spectra and aerodynamic size infor-
ation were saved during the field study. A custom software

rogram was used to calibrate the mass spectra and extract a list
f ion peaks in the spectra. These peak lists were then imported
nto YAADA, a single particle mass spectrometry data analysis
ool, for further analysis [42].

To obtain a general picture of the aerosol composition over
he course of the study, particle information obtained by the
TOFMS is classified using an adaptive resonance theory-based
lustering method (ART-2a). ART-2a classifies particles accord-
ng to the existence and intensity of ion peaks in individual single
article mass spectra and groups particles into the same cluster
f they have similar mass spectral fingerprints [43].

. Results and discussion

.1. ATOFMS raw counts and mass concentration
easurements

The unscaled particle counts obtained directly by the

TOFMS do not represent the ambient particle number con-
entrations. They can be scaled with other measurements such
s a micro-orifice uniform deposit impactor or an aerody-
amic particle sizer to obtain quantitative number concentrations

o

t
h

entration acquired with a beta attenuation monitor (BAM) in Fresno.

27,30,44,45]. However, for the purposes of this paper, it is
mportant to note that the raw ATOFMS counts show similar
ariations to those observed with other measurements. Similar
greement between ATOFMS nitrate counts and nitrate mass
oncentrations from an automated particle nitrate monitor have
een shown in previous studies [46]. In this study, hourly tem-
oral variations of ATOFMS total hit particle counts obtained
n Fresno and PM2.5 mass concentration acquired by the beta
ttenuation monitor (BAM) are compared in Fig. 1. Data points
ere excluded if the ATOFMS was offline for more than 30%
f a particular hour or low laser power was utilized during that
our. Fig. 1 illustrates the excellent agreement between the time
eries of the ATOFMS counts and mass concentration measure-
ents: ATOFMS total particle raw counts reach maxima and
inima at nearly the same times as the measurements made

sing the BAM. The fact that ATOFMS raw counts and mass
oncentrations track one another in this study supports the use
f unscaled data to provide an indication of the relative particle
oncentration changes discussed throughout this paper.

.2. Mass spectral characteristics of biomass and HMOC
n Fresno

After running ART-2a on ATOFMS measurements in Fresno,
wo unique particle types stood out from all of the other types.
he single particle mass spectra of the first type contain a very

ntense potassium signal (m/z 39) with relatively low intensity
ositive ion carbonaceous peaks. We refer to the first type as
iomass burning particles because non-mineral potassium is a
ommonly used tracer for wood smoke [47–50]. This biomass
article type accounts for more than 25% of the total analyzed
articles, ranging from less than 5% during the day to up to
5% at night. Particles of the second type generally show unique
eaks between m/z 100 and 200 in both positive and negative ion
pectra in addition to carbonaceous peaks at lower m/z ratios that
re similar to biomass type. Specifically, peaks at m/z 115, 128,
39, 153, 165, 178, 189, 202 and peaks at −109, −123, −137,
151, −163, −177, and −191 are the characteristic peaks in

hese particles. This particle type is referred to as high mass

rganic carbon (HMOC) particles.

The digital color histograms of the biomass and HMOC par-
icle types are shown in Fig. 2. The y-axis of the digital color
istograms represents the fraction of particles for a given parti-
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Table 1 lists the most likely assignments. Furthermore, dual ion
information and an understanding of the ion peaks produced
by a particular organic compound class yields further insight
into the peak identification. For example, both protonated and

Table 1
Possible peak assignments for m/z above 100

m/z MW Most possible assignments

−109 110 Dihydroxybenzene
−123 124 Guaiacol
128 128 Naphthalene
−137, 139 138 Methyl guaiacol
Fig. 2. Digital color stacks of (a) biomass and (b) HMOC particles.

le type that contain an ion with a peak area within a particular
ange, as shown in the legend, at each given m/z value. Digital
olor histograms provide valuable information on mass spectral
haracteristics and the chemical associations for the two particle
ypes. As shown in Fig. 2a, nearly 100% of the biomass parti-
les contain potassium (m/z 39) in their positive ion spectra, and
0% of them have extremely intense K+ signals (area >10,000).

small fraction of the biomass particles (<20%) also contain
haracteristic HMOC peaks (m/z 115, 128, 139, 153, 165, 178,
89, 202, −109, −123, −137, −151, −163, −177, and −191)
ith very low intensities. The biomass particles show signs of

tmospheric aging as indicated by the ammonium marker peak
t m/z 18 (NH4

+), nitrate marker ions at −46, −62, and −125
NO2

−, NO3
−, and HNO3NO3

−), and sulfate ions at −80 and
97 (SO3

− and HSO4
−). Some biomass particles (<30%) are

ssociated with mono-aromatic species based on the peaks at
/z 77 (C6H5

+) and m/z 91 (C7H7
+) [51], and polyaromatic

ompounds indicated by an ion peak at m/z 63 [52].
Almost 80% of the HMOC particles also contain a potas-
ium peak as shown in Fig. 2b. The peak at m/z 43 is a marker
or aged organics and most commonly corresponds to C2H3O+

n the ATOFMS; it is the most common peak detected in 90%
f the HMOC particles, indicating a higher degree of transfor-

−
−
−
2
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ation of the HMOC particles compared to biomass particles.
n recent studies in Riverside, the peak at m/z 43 is shown to be
orrelated with highly aged particles and tracks ozone concen-
rations [53]. There is also the possibility that some fraction of
his peak might be due to C3H7

+ and C2H5N+. Additionally, as
llustrated in Fig. 2b, approximately 80% of the HMOC parti-
les are associated with levoglucosan, an indicator of biomass
urning, which has characteristic peaks at m/z −45, −59 and
71 according to the study by Silva et al. [37]. Characteristic
MOC peaks (m/z 115, 128, 139, 153, 165, 178, 189, 202, −109,
123, −137, −151, −163, −177, and −191) exist in over 50%

f the HMOC particles as shown in Fig. 2b; moreover, the peaks
djacent to the characteristic peaks show high abundances and
xist in nearly 40% of the HMOC particles. Interestingly, the
eaks appear as a pattern of clusters separated by 12 and 14 m/z
nits (i.e. −109, −123, −137, −151, −165, −179); this type
f repetitive pattern is often attributed to oligomers or HULIS
pecies. The HMOC particles are associated with ammonium,
itrate, sulfate, and mono- and poly-cyclic aromatic compounds.

substantial fraction of the HMOC particles (∼50%) are also
ssociated with fog processing marker peaks at −81 and −111
HSO3

− and HOCH2SO3
−) [54], suggesting they have under-

one some amount of aqueous phase fog processing. A further
iscussion of this is provided below.

The biomass and HMOC share many common peaks; the
ajor differences are ion peak intensities and the fraction of

articles that contain the characteristic markers. As detailed
elow, the most likely source of the HMOC particles are
iomass burning emissions that have partitioned to the parti-
le phase in the cooler evenings and undergone fog processing
55,56].

.3. Possible assignments of Ion peaks above m/z 100

Definitive assignments for the high m/z peaks (m/z above 100)
re difficult to make a priori since more than one isobar exists for
ach m/z value. In order to make these assignments, information
s taken from a combination of previous source characteriza-
ion studies using filters and ATOFMS, ATOFMS mass spectral
ragmentation patterns, ATOFMS lab studies of organic stan-
ards, and detailed local emission profiles for the Fresno area.
151, 153 152 Ethy guaiacol/vanillin/acenaphthylene
163, 165 164 Eugenol
177, 178, 179 178 Methyl eugenol/phenanthrene/anthracene

02 202 Pyrene/fluoranthene
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eprotonated methyl guaiacol peaks are observed by ATOFMS
t m/z 139 (MH+) and m/z 137 (M − H−) (molecular weight
38). It is possible that instead of being individual compounds,
he above peaks are fragment ions of high molecular weight
pecies. In Fresno, more than 50% of the fine organic carbona-
eous particles are emitted from residential biomass burning
n the winter [6,57]. Schauer and coworkers reported that gua-
acols, phenols, and their substituted derivatives accounted for
pproximately 20% of the total mass of semivolatile gas-phase
rganic compounds emitted from wood combustion [50]; other
tudies revealed that biomass burning also emits substantial
mounts of methoxyphenols and PAHs [58–62]. It is impor-
ant to note that the ATOFMS is particularly sensitive to these
romatic compounds due to the use of the 266 nm laser. Thus
any of the above peak assignments for peaks above m/z 100 are

ased on the known fragmentation patterns and sensitivity of the
TOFMS technique to specific classes of organic compounds.

.4. Temporal variations of biomass and HMOC
ompounds in Fresno

Fig. 3 shows the temporal variations of biomass and HMOC
nscaled counts and the percentages of these types measured
ach hour. Distinct diurnal variations are evident in both biomass
nd HMOC particles. As shown in Fig. 3a, biomass particle
ounts/concentrations remain relatively low during the daytime,
ncrease significantly during late afternoon, and reach maxima
etween 8:00 pm and 3:00 am on most days. The biomass count
ercentage shows similar diurnal temporal variations. Similar
iurnal temporal variations of the HMOC particle counts and
ount percentages are shown in Fig. 3b. The temporal variations

f HMOC and biomass counts track each other very well with
high correlation coefficient of 0.84. The sum of biomass and
MOC particles account for approximately 50% of the total
articles detected at night, sometimes even rising above 65%,
aking them an important fraction of nighttime Fresno aerosol.

c
e
r
t

Fig. 3. (a) Time series of ATOFMS biomass particle counts and percentages
Mass Spectrometry 258 (2006) 142–150

.5. Diurnal trends of biomass particles in Fresno

The distinctive diurnal variations observed for the biomass
articles can be explained by a number of factors, including an
ncrease in residential biomass burning activities at night [3,63],
ccumulation of primary PM emissions, gas/particle phase par-
itioning of biomass emissions, and a nighttime decrease in the
eight of the inversion layer. Direct biomass emissions late in
he day directly contribute to the observed increase in the ambi-
nt biomass aerosols during the evening. Another important
actor is gas/particle phase partitioning. Based on partition-
ng theory, the particle phase concentrations of a particular
pecies will be proportional to its gas phase concentration and
he amount of total suspended particulate matter in the atmo-
phere [64–66]. During the nighttime, both the amount of total
uspended particulate matter and biomass emissions increase.
as phase emissions can partition onto the increased avail-

ble surface area of the particle phase, increasing the total
umber of particles that contain biomass emission markers.
n addition, lower nighttime temperatures induce semivolatile
omponents to partition to the particle phase. Moreover, other
ighttime meteorological conditions further assist in the for-
ation of diurnal variations of biomass particles in Fresno.
he nighttime wind speed was low during the study as is typi-
al for winter conditions in the SJV; these stagnant conditions
id in the accumulation of primary emissions. In addition, the
ower nighttime inversion layer leads to an increase in the
round level primary particle concentrations. All of these fac-
ors contribute to the observed increase in nighttime biomass
article phase concentrations in Fresno, as measured with the
TOFMS.

During the day, direct biomass burning emissions nearly

ease. In addition, ambient biomass aerosols and ion mark-
rs are transformed and lost during the day through various
eactions (i.e. photochemistry) and deposition processes; fur-
hermore, when the inversion layer rises during the day, particles

; (b) time series of ATOFMS HMOC particle counts and percentages.
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re released to higher altitudes, causing their concentrations to
ecrease at ground level. All of these factors contribute to the
ecrease in biomass particle counts during the daytime.

.6. Sizes and diurnal variation of HMOC particles in
resno

The size distributions of the different particle types can
rovide insight into their sources and formation mechanisms.
ydroxymethanesulfonate (HOCH2SO3

−, m/z −111) is a
nown product of fog processing and therefore can be used as
n indicator of aqueous phase processing of individual particles
54]. A comparison of the sizes of biomass, HMOC, and fog
rocessed particles (reduced by 3 in order to be shown on the
ame scale) are presented in Fig. 4. Although biomass and
MOC particle types have very similar temporal variations and
any common peaks in their mass spectra, the particle size

istributions of these two types differ from one another. The
ajority of the biomass particles are submicron (Da ≤ 1.0 �m)
ith aerodynamic diameters peaking in the lowest detectable

izes (0.5 �m). Conversely, the HMOC and fog processed par-
icles are primarily supermicron sized particles (Da > 1.0 �m)
nd have similar size distributions. The respective sizes suggest
he biomass particles are directly emitted, whereas the HMOC
articles are fog processed and have grown to larger sizes. The

imilar time series and mass spectra of the HMOC and biomass
articles suggest that biomass emissions produce the precursors
f the HMOC species that partition to the particles during the
ight when cooler temperatures and higher RH conditions exist

A
s
b
u

Fig. 5. Time series of (a) HMOC and PAS; (b) HMOC and
ig. 4. Size distributions of Fresno biomass, HMOC, and fog processed parti-
les.

nd undergo aqueous phase processing, increasing the size of
he processed particles, [67,68].

Comparing the temporal correlation between HMOC and
ther species can help identify the sources and factors contribut-
ng to their formation. Fig. 5a shows a comparison between
he time series of ATOFMS HMOC particle counts and mea-
urements made with a co-located photoelectric aerosol sensor
PAS) at the Fresno site. The signal obtained by the PAS is pro-
ortional to the concentration of particle-bound PAHs [69,70],
pecies which are often emitted in biomass emissions [58–60].

TOFMS HMOC raw particle counts display diurnal variations
imilar to those observed in PAS measurements. The difference
etween the two measurements from 19 January to 23 Jan-
ary suggests the presence of other (non-biomass) major PAH

levoglucosan; (c) HMOC and fog processed particles.
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ources. The strong correlations (R2 = 0.60) suggest that HMOC
ompounds and PAHs are both emitted in biomass emissions.
nother useful marker, levoglucosan, has been shown to be a
nique marker for wood-smoke aerosols, representing up to 30%
f the fine particle organic compound emissions [50,71]. In this
nalysis, particles containing levoglucosan are selected as those
ith a relative area of the ion mass signal at each marker peak

m/z −45, −59 and −71) with a relative area of greater than
%. The temporal variations of HMOC particles and levoglu-
osan are strongly correlated (R2 = 0.84) as shown in Fig. 5b,
his correlation supports the conclusion that the HMOC species
n particles in Fresno originate from biomass burning emissions.
he correlation between HMOC and fog processed particles are
hown in Fig. 5c. The temporal variations of these two parti-
le types reach maxima and minima at about the same time. It
s important to note that a substantial fraction of HMOC par-
icles (nearly 50%) contain the fog processing indicator peak
t m/z −111, strengthening the conclusion the HMOC species
ere formed via fog processing. So far the only other ATOFMS
eld studies where particle types with similar signatures to this
MOC type were observed were two coastal studies where it
as hypothesized that these species were formed by aqueous
hase processes in cloud droplets during long range transport
cross the ocean [72]. All the above evidence suggests that the
MOC particles mainly resulted from a combination of biomass

missions, gas/particle partitioning of semivolatile biomass pre-
ursors, followed by aqueous phase processing. Previous studies
ave shown that humic-like substances (HULIS) are generally
igh mass aromatic compounds with hydroxyl, carboxyl, and
arbonyl groups formed in fog/cloud water by oligomerization
eactions which were proposed to originate from biomass emis-
ions based on the high concentrations of levoglucosan detected
67,68,73–78]. As described, the HMOC are HULIS most likely
ormed by aqueous phase reactions from lower molecular weight
emivolatile biomass species (for example, methoxyphenols). At
his stage, we cannot exclude the possibility that a small fraction
f HMOC are HULIS directly emitted from biomass emis-
ions, since HULIS has also been reported to be released from

rimary biomass emissions [78]. In other studies, ambient photo-
xidation reactions have also been shown to generate HULIS
nd oligomeric species, which correlated with O3 concentration
73,79,80]. In contrast, in the current study, the concentrations of

o
a
r
F

ig. 6. Time series of biomass particle counts and percentages in Angiola. The parti
he periods when the instrument was offline for more than 30% of the hour.
Mass Spectrometry 258 (2006) 142–150

he HMOC particles peaked at night thus indicating that photo-
xidation was not the dominant formation mechanism.

The diurnal variations of the HMOC particles appear to be
ost affected by ambient RH and biomass burning emissions in
resno. During the nighttime, direct biomass emission increases,
aking more water soluble organic compounds (WSOC) avail-

ble as the precursor of HULIS [67,74,76]; nighttime low tem-
erature also favors the particle phase partitioning of volatile and
emivolatile biomass emissions; high nighttime RH condition
∼90%) substantially increases the liquid water content (LWC)
n the particle surface, which can dissolve WSOC and lead to
he formation of HULIS through aqueous phase reaction. Thus
he diurnal patterns of RH and biomass burning emission lead
o a higher HULIS concentration at night, which is observed on
TOFMS as the diurnal temporal variation of HMOC particles.
uring the daytime, as ambient RH decreases (∼50%), so do
iomass burning emissions. Thus much lower HMOC (HULIS)
article counts were detected by the ATOFMS in Fresno during
he day.

.7. Comparison of temporal variations of biomass and
MOC particles in a rural area

It is interesting to compare the single particle results obtained
lose to the source (Fresno) with those obtained in a distant
ural site 80 km away (Angiola). Hourly temporal variations of
ngiola biomass particles are presented in Fig. 6. Overall, a
uch lower average percentage of particles with strong biomass

ignatures (7%) was measured in Angiola. In general, Angiola
iomass particle fractions were below 10% for most of the sam-
ling period but occasionally grew over time to nearly 40%.
ig. 6 illustrates how no obvious diurnal pattern was detected
or the Angiola biomass particles. Angiola is located in a remote
ural area with very few local emission sources. Thus, the differ-
nces in the temporal behavior between Fresno and Angiola are
ost likely explained by transformations and deposition losses

ccurring as the biomass particles are transported to Angiola.
It is highly likely that by the time the particles reached Angi-
la their signatures had evolved to another particle type with
different pattern. This is supported by the observation that

ather than having one distinct HMOC type as measured in
resno, most Angiola particles (>90%) were associated with

cle counts presented here do not include low laser power sampling periods or
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igh mass ions, most likely HULIS species, between m/z 100
nd 200 in the positive mass spectra. The presence of these high
ass (HULIS) species can be explained by processing occur-

ing during transport. Characteristic high mass ion peaks vary
rom particle to particle with only a few peaks at the same m/z as
hose detected in the Fresno HMOC particle types. Major high

ass-to-charge peaks that stand out in the spectra among most
ngiola types are m/z 140, 152, and 160. Negative ion spectra

ontain a greater amount of nitrate, indicating a higher degree
f aging. As particles are transported from different source
egions to Angiola, different sources and precursors encoun-
ered along the way produce different characteristic high mass
eaks.

. Conclusions

ATOFMS measurements made during the CRPAQS study
rovide information on particle size, composition, chemical
ssociations, and the temporal variations of biomass burning and
MOC particle types in Fresno and Angiola. Based on a com-
arison of their size distributions, the larger HMOC particles are
ost likely HULIS species formed by fog processing. Both time

eries of the biomass and HMOC particles display a strong diur-
al pattern in Fresno, with relatively low daytime particle counts
hich rapidly increase from late afternoon and peak at night.
e hypothesize the diurnal variations are due to an increase in

irect biomass emissions followed by gas/particle partitioning of
emivolatile species which undergo aqueous phase processing at
ight. The SJV winter time low inversion layer also contributes
o increased levels of these particles at night. In contrast, biomass
articles in the rural Angiola area were more heavily trans-
ormed, chemically diverse, and show more of a gradual build-up
ver time. These observations suggest the particle chemistry in
ngiola was controlled by long range transport into the area as
pposed to by local sources.

The results in this paper demonstrate how single particle mea-
urements can be used to better understand how specific sources
nd meteorological conditions affect ambient particle mass con-
entrations. Real-time information on the sizes and temporal
ariations of biomass and HMOC particles can be used as inputs
or models [81] to determine the factors playing the most signif-
cant roles in controlling concentrations of organic compounds
n the San Joaquin Valley.
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